A diode-end-pumped electro-optic (EO) Q-switched green laser operating at the repetition rate of 20 kHz is reported. A block of La3Ga5SiO14 (LGS) single crystal is used as a Q-switch and the type I phasematching LiB3O5 (LBO) is used as the nonlinear crystal in the second harmonic generation. The 2.3-W average power of 532-nm green laser is obtained at the repetition rate of 20 kHz with the pulse width as short as 10 ns. When the output power is about 1.5 W, the measured power fluctuation is less than 1.4% (root-mean-square, RMS) with the beam quality factor of M 2 < 2 in both orthogonal directions. OCIS codes: 140. 3480, 140.3580, 140.3540, 190.2620. doi: 10.3788/COL20090709.0812. High repetition rate and high beam quality diodepumped solid-state green lasers (DPSSGL) are important for both scientific and industrial applications, such as pumping tunable lasers [1] , micromachining [2] , medical treatment [3] , and laser display [4] due to their low spot size limit and large absorbance for most materials. Usually, there are two ways to achieve high repetition rate DPSSGL: intracavity frequency doubling and extracavity frequency doubling. The intracavity frequency doubling can afford very high average power green lasers with high efficiency because of the high infrared (IR) power density in the resonator [5] , while the extracavity frequency doubling also has the advantage of high beam quality [6] . At present, high repetition rate green laser output is usually obtained in passively Q -switched [7] or acousto-optic (AO) Q -switched lasers [8] by the method of intracavity frequency doubling or extracavity frequency doubling, but the passive Q -switch is limited in many fields due to its poor stability, while the AO Q -switch has a tendency to produce long pulse duration (typically of the order of one hundred nanoseconds). Electro-optic (EO) Q -switch can overcome the shortcomings of passive and AO Q -switches and get stable short pulse due to its fast loss change. In recent years, several crystals such as beta-barium borate (BBO), periodically poled lithium niobate (PPLN), and RTiOPO 4 (RTP) are used as EO Q -switch at tens kilohertz repetition rate [9−11] . However, we can hardly see high repetition rate green laser using EO Q -switch due to the limit of high-voltage driver and EO crystals themselves. To our knowledge, the highest repetition rate of EO Q -switched green laser reported was 10 kHz [12] . In 2003, a novel EO Q -switch based on La 3 Ga 5 SiO 14 (LGS) single crystal was reported [13−15] . LGS has many advantages suitable for high repetition rate EO Q -switch such as large EO coefficient, high extinction ratio, low insertion loss at 1064-nm wavelength, stable physical and chemical behaviors, and low capacitance. Furthermore, the EO Q -switch based on LGS crystal is transversely modulated, which suggests that we can cut down the half-wave voltage by increasing the aspect ratio to reduce the demand of high-voltage driver. However, LGS single crystal has a strong property of optical activity, which makes it very difficult as an EO Q -switch working at pulse-off Q -switching operation [16] , and the influence of optical activity must be eliminated even for pulse-on Q -switching operation.
20-kHz watt-level green laser with LGS crystal electro-optic Q-switch
High repetition rate and high beam quality diodepumped solid-state green lasers (DPSSGL) are important for both scientific and industrial applications, such as pumping tunable lasers [1] , micromachining [2] , medical treatment [3] , and laser display [4] due to their low spot size limit and large absorbance for most materials. Usually, there are two ways to achieve high repetition rate DPSSGL: intracavity frequency doubling and extracavity frequency doubling. The intracavity frequency doubling can afford very high average power green lasers with high efficiency because of the high infrared (IR) power density in the resonator [5] , while the extracavity frequency doubling also has the advantage of high beam quality [6] . At present, high repetition rate green laser output is usually obtained in passively Q -switched [7] or acousto-optic (AO) Q -switched lasers [8] by the method of intracavity frequency doubling or extracavity frequency doubling, but the passive Q -switch is limited in many fields due to its poor stability, while the AO Q -switch has a tendency to produce long pulse duration (typically of the order of one hundred nanoseconds). Electro-optic (EO) Q -switch can overcome the shortcomings of passive and AO Q -switches and get stable short pulse due to its fast loss change. In recent years, several crystals such as beta-barium borate (BBO), periodically poled lithium niobate (PPLN), and RTiOPO 4 (RTP) are used as EO Q -switch at tens kilohertz repetition rate [9−11] . However, we can hardly see high repetition rate green laser using EO Q -switch due to the limit of high-voltage driver and EO crystals themselves. To our knowledge, the highest repetition rate of EO Q -switched green laser reported was 10 kHz [12] . In 2003, a novel EO Q -switch based on La 3 Ga 5 SiO 14 (LGS) single crystal was reported [13−15] . LGS has many advantages suitable for high repetition rate EO Q -switch such as large EO coefficient, high extinction ratio, low insertion loss at 1064-nm wavelength, stable physical and chemical behaviors, and low capacitance. Furthermore, the EO Q -switch based on LGS crystal is transversely modulated, which suggests that we can cut down the half-wave voltage by increasing the aspect ratio to reduce the demand of high-voltage driver. However, LGS single crystal has a strong property of optical activity, which makes it very difficult as an EO Q -switch working at pulse-off Q -switching operation [16] , and the influence of optical activity must be eliminated even for pulse-on Q -switching operation.
In this letter, we present a high repetition rate green laser using a LGS crystal as the EO Q -switch which works at pulse-on Q -switching operation and a LBO crystal as the frequency doubler. In our experiment, we design a compact V-type resonator structure and apply intracavity frequency doubling to obtain high conversion efficiency. As we know, V-type resonator can prevent the absorption of harmonic power by gain media and allow harmonic power generated in two directions to be combined into a single output beam. On the other hand, V-type resonator structure has two beam waists in two arms, respectively, and LBO crystal is located at the waist of the second arm, which can greatly increase the conversion efficiency.
The resonator is simulated by the LASCAD software. The experimental setup is shown in Fig. 1 . The first arm from mirror M1 (transmission T > 98.5% at 808 nm, reflection R > 99% at 1064 nm) to output mirror M2 (T > 98.5% at 532 nm, R > 99% at 1064 nm) is 180 mm, and the second arm from the end mirror M3 (R > 99% at 1064 and 532 nm) to M2 is 200 mm. The pump source was a fiber-coupled 24-W continuous wave (CW) diode laser with a core diameter of 400 µm and numerical aperture (NA) of 0.22. The output from the fiber pig-tail was coupled into the laser media via a collimating lens and a focusing lens with a magnification of 1:1. The Nd:YVO 4 crystal with a dimension of 4×4×7 (mm) was doped with Nd 3+ at the concentration of 0.3 at.-%, and was held in a thermal sink cooled by a thermoelectric cooler (TEC). The LGS crystal was made in Shandong University with a dimension of 4×4×40 (mm). The quarter-wave voltage V π/2 was 1770 V, while our EO driver was a homemade 0 -20 kHz metal oxide semiconductor field effect transistor (MOS-FET) pulser with a rise time of less than 10 ns, and the high voltages were adjustable in the range of 0 -3 kV, so it was possible to obtain 20-kHz EO Qswitched green laser. The LBO crystal with a dimension of 2×2×10 (mm) was type I phase-matching and was cut at θ=90
• , φ=12.5
• . Both the entrance and the exit surfaces of the LBO were antireflection coated at 1064 nm (T > 99.8%) and 532 nm (T > 97%). Figures 2 and 3 show the CW and Q-switched output performance at 1064 nm as a function of the pump power, respectively. The mirror M3 should be replaced by an output coupler (OC) with variable transmission at 1064 nm. From Fig. 2 , we can see that the maximum CW output power is 8.8 W and the slope efficiency is 40% with the OC transmission of 25%, which proves that this V-type resonator is feasible and efficient.
A polarizer and a λ/4 plate (QWP) should be inserted in the cavity although the output from Nd:YVO 4 crystal was linearly polarized. When the LGS crystal, polarizer, and QWP were inserted in the resonator, the laser output decreased slightly in comparison with the results of the empty cavity, and the slope efficiency declined from 40% to 37%. The effective work voltage was about 2000 V because of the influences of circuit loss and contacting resistance. At Q -switched operation, using an OC with the transmission of 25%, the Q -switched pulses with the repetition rate up to 20 kHz were obtained, and the average power increased with the increase of repetition rate. The maximum average output power was 4.8 W at the repetition rate of 20 kHz when the pump power reached 24 W, the slope efficiency was 22%, and the maximum optical conversion efficiency was 20%. At last, we studied the Q -switched performance of green laser. It has been pointed out that the LGS crystal has a strong property of optical activity, so we design a crystal bonder which can make the LBO crystal rotate around the axial direction to find the right polarization state of incident light on the surface of LBO. Figure  4 shows the green average power and peak power as functions of the repetition rate with 24-W pump power. We can find that the average power increases with the increase of repetition rate, which is the same performance as that of 1064-nm output; while the peak power decreases rapidly with the increase of repetition rate, because, at lower repetition rate, higher pulse energy and shorter pulse width could be obtained due to the longer energy storage time. Figure 5 shows the green average power and pulse width as functions of the pump power at the repetition rate of 20 kHz. A maximum average power of 2.3 W with the shortest pulse width (full-width at half-maximum, FWHM) of 10 ns was obtained when the pump power reached 24 W, the corresponding pulse energy and peak power were 0.12 mJ and 11.5 kW, respectively, which were also shown in Fig. 4 . The slope efficiency was 10.4%, and the maximum optical conversion efficiency was 9.6%. It is predicted that higher average output power and conversion efficiency can be obtained when the repetition rate is increased to more than 20 kHz. The shortest pulse duration and the pulse series at the repetition rate of 20 kHz are shown in Fig. 6 .
The beam quality of the green laser was measured by Spiricon M 2 -200 laser beam analyzer. The beam quality of the 500-mW average output was measured as M 2 x = 1.19 and M 2 y = 1.32 (see Fig. 7(a) ), which is a near diffraction limited beam output at 532 nm. The Gaussian-like spatial distribution of far-field laser intensity is shown in Fig. 7(b) . The beam quality was degraded slightly with the increase of pump power due to the thermal effects, especially the thermal aberration in the nonlinear crystal. When the pump power was 16 W (corresponding to the output power of about 1.5 W), the beam quality was measured as M 2 x = 1.69 and M 2 y = 1.91. Meanwhile, the output power of the green laser was measured for up to 1 h, and the calculated root-mean-square (RMS) fluctuation was less than 1.4%.
In conclusion, we report a high repetition rate (up to 20 kHz) EO Q -switched green laser. Using homemade MOS-FET driver and LGS crystal as an active Q -switch, a maximum average output power of 2.3 W with a pulse width of 10 ns is obtained at the maximum repetition rate of 20 kHz, and the conversion efficiency is 9.6%. At around 1.5-W average output power, the measured fluctuation is less than 1.4% with the beam quality factor of M 2 < 2 in both orthogonal directions. If the repetition rate can be increased, higher output average power and conversion efficiency may be obtained.
